ABSTRACT: Low-temperature tip-enhanced Raman spectroscopy (TERS) enables chemical identification with singlemolecule sensitivity and extremely high spatial resolution even down to the atomic scale. The large enhancement of Raman scattering obtained in TERS can originate from physical and/ or chemical enhancement mechanisms. Whereas physical enhancement requires a strong near-field through excitation of localized surface plasmons, chemical enhancement is governed by resonance in the electronic structure of the sample, which is also known as resonance Raman spectroscopy. Here we report on tip-enhanced resonance Raman spectroscopy (TERRS) of ultrathin ZnO layers epitaxially grown on a Ag(111) surface, where both enhancement mechanisms are operative. In combination with scanning tunneling spectroscopy (STS), it is demonstrated that the TERRS intensity strongly depends on the local electronic resonance of the ZnO/Ag(111) interface. We also reveal that the spatial resolution of TERRS is dependent on the tip−surface distance and reaches nearly 1 nm in the tunneling regime, which can be rationalized by strong-field confinement resulting from an atomic-scale protrusion on the tip apex. Comparison of STS and TERRS mapping clearly shows a correlation between resonantly enhanced Raman scattering and the local electronic states at near-atomic resolution. Our results suggest that TERRS is a new approach for the atomic-scale optical characterization of local electronic states.
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Since the early 2000s, tip-enhanced Raman spectroscopy (TERS) has emerged as a powerful analytical tool in nanoscale science and technology, 3−5 combining the chemical sensitivity of SERS with the high-spatial resolution of scanning probe microscopy (SPM). 6−8 More recently, TERS in a well-defined environment, that is, low-temperature and ultrahigh-vacuum (UHV) conditions, has become available, 9−11 providing microscopic insights into underlying mechanisms of enhanced Raman scattering processes. It is a general consensus that both physical and chemical enhancement are required to dramat-ically enhance TERS signals. 6 For chemical enhancement (resonance Raman scattering) the local electronic structure of the sample should have a considerable impact, which can be examined by combining scanning tunneling spectroscopy (STS) with TERS. It is an intriguing question how the confined electromagnetic field interacts with local electronic states because it is associated with the basic principle of nearfield optical spectroscopy as well as fundamental physics of light−matter interaction at the nanoscale. However, an explicit correlation between local electronic states and TERS signals has not been demonstrated. Here, we report tip-enhanced resonance Raman scattering (TERRS) of ultrathin ZnO layers epitaxially grown on a Ag(111) surface, where both physical and chemical enhancement are involved in the process. The ZnO layer serves as a robust and intriguing model system for TERRS as the electronic structure is dependent on the layer thickness and nanoscale corrugation of the local density of states (DOS) occurs due to a subtle structural mismatch with the Ag surface. 12 Moreover, we also show that the spatial resolution of TERRS depends on the tip−surface distance and reaches ∼1 nm in the tunneling regime, allowing to correlate the TERRS intensity with the local DOS at near-atomic resolution. Figure 1a shows an STM image of 2-and 3-monolyer (ML) ZnO on the Ag(111) surface. The periodic protrusions in the ZnO layers correspond to a Moirépattern resulting from a lattice mismatch between the ZnO and Ag(111), as depicted in Figure 1b . 12 The 2-ML ZnO has a (0001) orientation with a flat geometry like hexagonal boron nitride, whereas it relaxes to the wurtzite structure in thicker ZnO layers. 13 Previous studies suggest that this structural change occurs (partially) already at 3 ML.
14−16 Figure 1c shows TERRS spectra obtained using an Au tip on 2-ML ZnO with 633 nm excitation at different laser fluences, exhibiting the characteristic vibrational peaks. No Raman signal of the ZnO layer is observed in the far-field spectrum (see Supporting Information). As shown in the inset of Figure 1c , the Raman intensity (I R ) linearly depends on the laser fluence (F), indicating spontaneous Raman scattering. The TERRS signal from 2-ML ZnO can be obtained with both Au or Ag tips at 633 nm excitation. The intense peaks around 350 cm −1 are assigned to out-of-plane optical phonon modes of the ZnO layer, which can be largely enhanced according to the surface selection rule, 17, 18 whereas the weak peaks at 508 and 573 cm −1 belong to in-plane modes according to density functional theory calculations of free-standing 2-ML ZnO 19, 20 and at a 2-ML ZnO/Ag(111) interface (see Supporting Information for details).
The physical enhancement mechanism in TERS is governed by localized surface plasmon resonance (LSPR) in the junction. We observed a clear correlation between the TERRS intensity and the LSPR using scanning tunneling luminescence (STL) in which LSPR is excited by inelastic scattering of tunneling electrons. 21 Figure 2a shows the STL spectra obtained with different Ag tips exhibiting a different LSPR, although very similar STM images are acquired with them. In the next step, we recorded TERRS spectra on 2-ML ZnO with these tips (Figure 2b ). A strong enhancement occurs for tip #1 whose LSPR is located around 630 nm, thus it can efficiently couple with the incoming and outgoing electromagnetic field at 633 nm excitation and eventually leads to a large enhancement. However, as expected, only a weak enhancement is observed for the off-resonance tips #2 and #3.
The local field enhancement is also dependent on the tip− surface distance. Figure 3a shows TERRS spectra recorded over a 2-ML ZnO at different gap distances. In this measurement, the tip approached toward the surface starting from an STM set-point of V bias = 1 V and I t = 1 nA. The TERRS intensity increases with decreasing the gap distance (down to −0.4 nm) but considerably decreases at smaller , V bias = 1 V, I t = 1 nA, t exp = 300 s, 78 K).
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Letter distances (Figure 3b ). This behavior can be explained by quenching of the capacitive coupling mode (bonding dimer plasmon) due to quantum mechanical effects in plasmonic nanocavities. 22−26 Thus, at very short gap distances the LSPR observed in Figure 2a is suppressed, leading to the significant reduction of the TERRS signal. To rule out that the decrease of the TERRS intensity originates from large tip modifications, we recorded spectrum #7 in Figure 3a at the same STM setpoint as spectrum #1 (V bias = 1 V and I t = 1 nA) after the approach sequence from spectrum #1 to #6. Spectrum #7 almost recovers its original shape. We also confirmed that the ZnO surface remained intact by imaging the same area before and after the TERRS measurement. The slight change between spectrum #1 and #7 may be attributed to subtle (atomic-scale) modification of the tip apex. We repeatedly observed the reduction of the TERRS intensity at short gap distances with different tips (see Supporting Information). At relatively large gap distances, the TERRS intensity monotonically decreases with distance (see Supporting Information).
We now turn to the chemical enhancement mechanism. In order to examine this, we made use of the slight difference in the electronic structures between 2-and 3-ML ZnO. 12, 14 It was found that the TERRS signal is very weak (unobservable in most cases) on 3-ML ZnO with 633 nm excitation. Figure 4a shows a line scan of the TERRS spectra recorded across a single step of the ZnO layer, where the signal rapidly decreases and eventually disappears from 2-to 3-ML ZnO. On the other hand, with 780 nm excitation the TERRS signal can be obtained only from the 3-ML ZnO (see Supporting Information). Moreover, no Raman signal is observed with 532 nm excitation for both 2-and 3-ML ZnO. This pronounced excitation-wavelength dependence indicates the crucial role of chemical enhancement determined by resonances in electronic structures. The corresponding STS spectra (Figure 4b) show that the unoccupied state of the respective ZnO layers is observed at different onset voltages, that is, V bias = 1.8 and 1.4 V for 2-and 3-ML ZnO, respectively. Furthermore, the Shockley surface state of Ag(111) becomes an interface state of ZnO/Ag(111) and its onset is observed at V bias = −0.2 V, shifted from the value of the bare Ag surface (−0.07 V). 27 A similar change of a surface state has been observed on Cu(111).
28 Figure 4c depicts the electronic structure of the ZnO/Ag(111) interface to explain the chemical enhancement mechanism. The calculated electron effective mass of (0.24−0.27)m e in the conduction band of the free-standing 2-ML ZnO (see Supporting Information) is comparable with that in the surface state of the clean Ag(111) surface (∼0.28 m e ), 29 where m e is the electron mass. Hence the dispersion of these states may be similar for ultrathin ZnO 
Letter layers on Ag(111). The resonance in the chemical enhancement mechanism should occur around the Γ-point because it is suppressed by quantum interference at a large wave vector.
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The excitation wavelengths of 633 and 780 nm (photon energies of 1.96 and 1.59 eV) match the vertical transition between the interface state and the conduction band of the 2-and 3-ML ZnO, respectively, whereas the 532 nm excitation (2.33 eV) is off-resonance for both layers. These observations are all consistent with the proposed resonant enhancement mechanism including the resonance between the interface state and the conduction band of the ZnO layers.
Next we examine the spatial resolution of TERRS at different tip−surface distances. Figure 5a shows the Raman intensity at ∼350 cm −1 recorded across the edge of 2-ML ZnO on Ag(111). The lateral distributions of the Raman intensity are fitted with a step function convoluted with a Gaussian profile to estimate the spatial resolution. As shown in Figure  5b , we find that the full width at half-maximum (i.e., spatial resolution) varies significantly at relatively large tip−surface distances (d gap ≳ 1 nm), wheras the variation becomes rather small and approaches ∼1 nm at short distances (in the tunneling regime). A similar spatial resolution of about 1 nm in the tunneling regime has been observed at the edge of twodimensional silicene 31 and borophene 32 layers on Ag(111) and at a boundary of a molecular layer with two different tautomers. 33 However, the tip−surface distance dependence of the spatial resolution has not been reported so far.
The spatial resolution of TERRS should be associated with the effective volume of field confinement in the junction. Recent theoretical studies have proposed that atomic-scale features in subnanometric plasmonic cavities lead to extreme field confinement as a consequence of an atomistic lightning rod effect. 34, 35 In experiment, we used Au or Ag tips sharpened by focused ion beam (FIB) milling, 36 which yields a sharp apex with an extremely smooth surface as seen in the scanning electron micrographs (Figure 5c,d) . However, it is an accepted idea that the tip apex has atomic-scale protrusions that endow atomic resolution of the STM. Such atomistic structures may be created and modified by in situ tip-forming procedures, that is, applying short voltage pulses and poking the tip into a clean Ag surface in a controlled manner. Qualitative insight into the field enhancement in such an STM junction can be obtained by classical electrodynamic simulations using a simplified model, namely a spherical tip with a single nanoprotrusion above a flat Ag surface as discussed in ref 37 (see also Supporting Information for our simulations).
According to theoretical predictions, when the gap size of a plasmonic nanocavity becomes below ∼1 nm, quantum mechanical effects such as nonlocal screening and electron tunneling start affecting the frequency and lifetime of the LSPR as well as the local field enhancement. 22−26 Recent simulations by Urbieta et al. revealed that the effective volume of the confined field (V eff ) is also subject to quantum effects but the classical description can capture the main features of nanoscale field confinement at distances d gap ≳ 4 Å. 35 In this regime, both quantum and classical simulations show a monotonic decrease of V eff when the gap distance of the nanocavity is reduced. At small gap distances, however, a continuous and rapid decrease of V eff occurs in classical simulations, whereas in the fullquantum simulation the variation of V eff becomes rather small as compared to the classical prediction and even increases for d gap ≲ 3 Å. 35 The latter behavior appears to be more consistent with our observation that the variation of the spatial resolution becomes small in the tunneling rang (Figure 5b) . Therefore, quantum mechanical effects may be essential to gain further insight into the distance dependence of the spatial resolution. It should also be noted that the spatial resolution is affected by the tip conditions (see Supporting Information). This can be qualitatively explained by the size of the nanoprotrusion at the apex which determines the near-field confinement. Thus, improved tip shaping may allow us to attain the subnanometer resolution. According to a very recent report by Apkarian and co-workers, 38 atomic-resolution TERS of an adsorbed porphyrin derivative occurs in a contact regime (d gap ≈ 2 Å) where the charge transfer plasmon modes dominate the optical properties 24 and strong hybridization of the tip state with the molecule is expected. Therefore, in this regime the Raman scattering mechanism may be fundamentally different from our case.
In general, atomic-scale features on the tip apex are expected to be unstable at elevated temperatures, which most probably hampers the ultrahigh resolution of TERS at room temperature. In addition, the tip apex condition (structure) is readily modified at very small tip−surface distances. We believe that the stability of such atomistic structures at the tip apex is of fundamental importance to attain ultrahigh (Ångstrom) spatial resolution, which can be largely improved at cryogenic temperatures below <10 K. 
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Letter Finally, we examine in more detail the correlation between the local electronic structure and TERRS on 2-ML ZnO. Figure 6a ,b display the STM image of the measurement area and the corresponding STS mapping at V bias = 1.8 V, respectively. The STS mapping reveals an inhomogeneous spatial distribution of the electronic structure over 2-ML ZnO. Figure 6c shows TERRS spectra obtained at two different locations as indicated by the magenta and cyan circles in Figure 6a ,b. The TERRS intensity is much larger at the former location where the STS intensity at V bias = 1.8 V is higher (Figure 6b) than that of the latter location. A single-point STS measurement (Figure 6d ) reveals that the conduction band edge is slightly different at these two locations. Note that the STS was recorded in constant current mode in order to highlight the conduction band edges of the ZnO layer. The observed differences of the conduction band edges result from a slightly different incommensurate structure between the ZnO layer and the Ag surface. 12 On the other hand, the Moireṕ attern occurs due to a different STS intensity, thus a modulation of the local electronic density but the position of the conduction band edges remain the same.
14 Therefore, the TERRS intensity does not vary significantly at different positions on the Moirépattern (see Supporting Informaton). These results also corroborate the resonance model in Figure  6c . We also carried out a line scan of the TERRS signal. Figure  6e −g are the profile of the topographic height, the STS intensity and the TERRS intensity at ∼350 cm In summary, we demonstrated that the resonance Raman scattering in TERS is correlated with the local electronic structure of the sample. Strong Raman signals of the ultrathin ZnO layers on a Ag(111) surface were obtained when both physical and chemical enhancement mechanism are operative. It was found that the spatial resolution of TERRS depends on the tip−surface distance and reaches ∼1 nm in the tunneling regime. In combination with STS, the correlation between the TERRS intensity and the local DOS is resolved. Our results explicitly show that a confined electromagnetic field can interact with local electronic resonances at the (sub)nanometer scale.
Methods. All experiments were performed in an ultrahigh vacuum chamber (base pressure <5 × 10 −10 mbar) equipped with a low-temperature STM (modified UNISOKU USM-1400) operated with a Nanonis SPM controller. The bias voltage (V bias ) was applied to the sample with the tip at ground. All measurements were performed at 78 K. The Ag(111) surface was cleaned by repeated cycles of Ar + sputtering and annealing up to 670 K. The ultrathin ZnO layers were grown by a reactive deposition method as described in ref 29 . The STM tips were made from polycrystalline Au and Ag wires by electrochemical etching. We further processed the tips by a FIB milling technique (FEI Helios NanoLab G3 FIB-SEM DualBeam system) to fabricate an extremely sharp tip with a nanoscopically smooth surface. The tips were cleaned under UHV conditions by Ar + sputtering before measurement. The cleanness of the apex was confirmed by measuring TERS spectrum over the clean Ag(111) surface. The laser beam (532 nm, solid-state laser; 633 nm, HeNe laser; 780 nm, solid-state laser) was focused to the STM junction using an in situ Ag-coated parabolic mirror (numerical aperture of ∼0.6) mounted on the cold STM stage. The spot diameter on the tip apex was estimated to be about 3 μm. The beam alignment and focusing were performed precisely with piezo motors (Attocube GmbH) attached to the parabolic mirror, which allow three translational and two rotational motions of the parabolic mirror. The incident light was linearly polarized along the tip axis. The Raman signal was collected by the same parabolic mirror and detected outside of the UHV chamber with a grating spectrometer (Andor 
Letter Shamrock 303i). The STS (dI/dV) signal was recorded using a lock-in amplifier with a modulation voltage of 20 mV rms at 983 Hz.
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